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Chapter 1 
General Introduction 
 
1-1, Background 
The seed-to-seedling transition and subsequent seedling survival represent a critical 
bottleneck phase in a tree’s life cycle (Harper 1977; Masaki et al. 2005, 2007; Leck et al. 
2008; Alvarez-Clare and Kitajima 2009). For example, Alvarez-Clare and Kitajima (2009) 
demonstrated that the number of seedlings drastically decreased to less than half of the initial 
seedling number over a one-year span in seven out of eight tree species examined in a tropical 
forest. Likewise, in two tree species in a temperate forest, the number of seedlings decreased 
to less than one-tenth that of the initial seedling numbers six years after germination (Masaki 
et al. 2005). These high mortality rates imply that the breadth of environmental tolerance is 
narrow at the seedling stage compared to that at the seed and adult stages (Parker et al. 2008). 
In other words, seedlings have high sensitivities to both abiotic and biotic stressors (Seiwa 
1998; Maestre et al. 2003; Masaki et al. 2007; Gómez-Aparicio et al. 2008; Leck et al. 2008; 
Comita et al. 2009). 
 Moles and Westoby (2004) showed that major causes of seedling mortality included 
herbivory, drought, fungal attack, physical damage, and competition. The occurrences of such 
mortalities are also tightly associated with abiotic factors such as light availability (Moles and 
Westoby 2004). For instance, Augspurger and Kelly (1984) experimentally demonstrated that 
15 out of 16 tropical tree species showed higher seedling mortality caused by fungal pathogen 
in low light condition. These abiotic and biotic stresses are often distributed heterogeneously, 
and the overlap of the distributions of these factors creates microhabitats of seedlings (i.e., 
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environmental filters, Leck and Outred 2008). Moreover, tolerances of seedlings to 
environmental stresses differ between species (Grubb 1977). Therefore, it is essential to 
elucidate the species-specific environmental filters and suitable seedling microhabitats for 
seedlings for a complete understanding of population dynamics. 
 The genus Fagus includes ten primary species (Willis 1966), and, in Japan, beech (Fagus 
crenata) forests are sparsely distributed in cool-temperate zone from Kagoshima in the south 
to the northern Hokkaido Prefecture (Hukushima et al. 1995; Homma et al. 1999; Matsui et al. 
2004; Nakao et al. 2013). Large areas of beech forests have been conversed to artificial 
forests of Cryptomeria japonica or Chamaecyparis obtusa since 1950s according to the 
expanding afforestation policy (Chino 2003). Since then, the ecosystem services beech forests 
provide have been recognized, and they have been protected as water source (Chino 2003) 
and wild habitat (Hara 1996). Additionally, climate warming predictions expect many beech 
forests to retreat from Japan until the 2090s (Matsui et al. 2004; Nakano et al. 2013). In the 
face of such threats, understanding seedling microhabitats under current climate conditions is 
critical to maintain beech forests in the near future. 
 Fagus species is regarded as a shade-tolerant species, as seedlings are slow growing and 
survive at low or intermediate light conditions, and subsequently respond to the release of 
suppression by overstory trees (Wagner et al. 2010). Such seedling populations are called 
seedling bank, and that can be recognized as sources of new canopy trees when some major 
disturbances occur in a stable-state forest (in a dynamic equilibrium state) (Veblen et al. 1991; 
Antos et al. 2005). Similarly to other Fagus species, F. crenata disperses their seeds near a 
parent tree by gravity (Hashizume et al. 1984), creating a seedling bank on the forest floor 
(Nakashizuka and Numata 1982b). In Japan, typhoon is the major disturbance to create gaps 
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in the forest canopy by uprooting trees and breaking stems and branches (Torimaru et al. 
2009; Uyanga et al. 2016). 
 In contrast to other forests, dwarf bamboos often accompany beech forests in Japan (Shidei 
1974; Hukushima et al. 1995;Wagner et al. 2010). Sasa kurilensis and Sasa palmata are 
mainly distributed in Japan Sea side, where maximum snow depth is deep, Sasa nipponica 
and Sasamorpha borealis in Pacific Ocean side, and Sasa senanensis in the intermediate 
(Saijoh 1989). Dwarf bamboos regulate the microhabitats for seedlings of various tree species 
including F. crenata (e.g., Nakashizuka 1988; Hashizume 1994; Ida and Nakagoshi 1996; 
Umeki and Kikuzawa 1999; Abe et al. 2001, 2002, 2005; Itô and Hino 2004, 2005, 2007, 
2008; Doležal et al. 2009), owing to low light conditions under the plants (Kobayashi et al. 
2000; Abe et al. 2001, 2002), and by providing a suitable habitat for rodents browsing the 
seedlings (Ida and Nakagoshi 1996; Abe et al. 2001, 2005). Dwarf bamboos are also known 
to simultaneously flower and then die across a large area after an extended period of 
vegetative growth (Numata 1970; Abe et al. 2001), although they can also flower and die at 
only a part of one genet (Miyazaki et al. 2009). Consequently, once the simultaneous death of 
dwarf bamboo occurs, it is predicted that tree regeneration is likely facilitated (Nakashizuka 
and Numata 1982a; Nakashizuka, 1987; Peters et al. 1992; Ida and Nakagoshi 1994; 
Yamamoto and Nishimura 1995; Yamamoto et al. 1995; Kubo and Ida 1998; Abe et al., 2001, 
2002, 2005). Although seedling density is much lower with dwarf bamboo presence than 
without, F. crenata often maintains seedling populations under dwarf bamboo (Nakashizuka 
1988; Hashizume 1994; Ida and Nakagoshi 1996; Abe et al. 2001, 2002, 2005; Itô and Hino 
2005). However, previous studies have not fully assessed environmental filters and 
microhabitats for F. crenata seedlings growing under dwarf bamboo coverage in beech 
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forests, by examining effects of many possible factors on the seedling survival. 
 In addition to dwarf bamboo, the spatial distributions of natural enemies such as fungal 
pathogen and vertebrate herbivores are significant for the microhabitat for F. crenata 
seedlings (Tomita et al. 2002; Yamazaki et al. 2009). The natural enemies tend to live near 
the conspecific adults (seed sources), and thereby seedlings near the seed sources suffer more 
severe damage than those far from that in temperate and tropical forests (Janzen 1970; Connel 
1971; Packer and Clay 2000). This phenomenon is known to distance-dependent mortality (or 
density-dependent mortality). Previous studies demonstrated that the distance- or 
density-dependent mortality of F. crenata occurred in early stages (Tomita et al. 2002; 
Masaki et al. 2007; Yamazaki et al. 2009; Shibata et al. 2010; Kuninaga et al. 2015). 
 Besides dwarf bamboo and natural enemies, physical damage can also regulate the seedling 
survival of F. crenata, as showed by Moles and Westoby (2004). However, a few studies 
examined the effect of microtopography (Kitabatake and Kaji 2010; Masaki et al. 2005; 
Shibata et al. 2010), and no study discussed the seedling survival of F. crenata in terms of 
physical damage. Thus, it is necessary to elucidate the suitable microhabitats for F. crenata 
seedlings in beech forests dominated by dwarf bamboo by examining effects of both abiotic 
and biotic factors on seedling survival. 
 
1-2, Aim of this thesis 
The aim of this thesis is to clarify the environmental filters and suitable microhabitat for F. 
crenata seedlings in an old-growth beech forest dominated by dwarf bamboo in western Japan. 
For this purpose, I first clarified the fine-scale spatial distribution of dwarf bamboo culms and 
examined the spatial association between dwarf bamboo coverage and understory trees in the 
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sapling stage (Chapter 2), as the spatial distribution of saplings reflects seedling dynamics and 
should provide meaningful information on suitable seedling microhabitats. In Chapter 3, I 
demonstrated the necessary factors for F. crenata seedling survival in terms of six possible 
factors (culm density of dwarf bamboo, slope angle, topographic convexity, the distance from 
the nearest seed source tree, local density of F. crenata seedlings, and seedling size). I then 
focused on the effect of neighboring seed sources on the seedling survival, considering the 
genetic variation of the seed sources (Chapter 4). Based on the results, I discussed the 
environmental filters and suitable microhabitats for the seedlings in a beech forest with 
dominance of dwarf bamboo in western Japan (Chapter 5).  
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Chapter 2 
The spatial distributions of understory trees in relation to dwarf bamboo 
 
2-1, Introduction 
The structure and dynamics of understory trees are critical factors in determining the overall 
dynamics of a forest. Dwarf bamboo is a major understory vegetation in Japanese forests 
(Shidei 1974), and its continuous and dense cover has been well characterized to inhibit the 
emergence and survival of overstory tree species (e.g., Kubo and Ida 1998; Umeki and 
Kikuzawa 1999; Abe et al. 2001, 2002, 2005). Furtheremore, dwarf bamboo is recognized as 
an ecological filter that influences the organization of seedling banks by differentially 
affecting emergence, establishment, growth, and survival among tree species (Itô and Hino 
2007; Doležal et al. 2009). However, the population structure of understory trees, including 
shrubs, has not been fully assessed, and information concerning the effects of dwarf bamboo 
as an ecological filter is rather limited for the seedlings of overstory tree species.  
 On the other hand, knowledge of the spatial distribution of dwarf bamboo and the factors 
controlling it is also essential for fundamental understanding of both forest dynamics and 
efforts to enhance the regeneration and conservation of target species. Topography is a major 
postulated factor affecting the spatial distribution of dwarf bamboo (Azuma and Kobayashi 
2003; Noguchi and Yoshida 2005; Wang et al. 2009). The density or coverage of dwarf 
bamboo is often lower on steep slopes than in surrounding sites because the surface soil is 
susceptible to sliding (Azuma and Kobayashi 2003; Wang et al. 2009) and site fertility is low 
(Noguchi and Yoshida 2005). Even at sites with gentle slopes, dwarf bamboo cover is 
reportedly lower on ridges than in valleys (Azuma and Kobayashi 2003), probably because 
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fertility is lower on the ridges. In an aerial survey, in addition, Torii and Isagi (1997) found 
the most limited occurrence of bamboo at sites with a high gravel content, which they 
attributed to low soil fertility and inhibition of the elongation of both its roots and 
subterraneous stems. 
 The cited studies provided valuable indications of environmental controls of the spatial 
distributions of dwarf bamboo species, but the finest grid applied in the mapping of dwarf 
bamboo’s physical environment in the cited studies was 5 × 5 m (Noguchi and Yoshida 2005). 
Topography and soil conditions can vary at much finer scales (García and Houle 2005; Hirobe 
et al. 2013). Thus, variations in spatial distributions of dwarf bamboo are likely to occur even 
within a 5 × 5 m scale, and could influence local distributions of tree seedlings and forest 
herbs, thereby affecting the dynamics of the entire plant community. Moreover, the 
importance of physical factors’ effects on plant distribution may be scale-dependent 
(Ruiz-Navarro et al. 2012; Punchi-Manage et al. 2013). 
 In this study, I firstly demonstrated the spatial distributions of, and the spatial associations 
between, dwarf bamboo (S. palmata) cover and understory trees including F. crenata in the 
entire area both with and without dominance of dwarf bamboo. Then, I showed the fine-scale 
spatial distributions of dwarf bamboo culms and their relationships to three potentially 
influential physical factors (slope angle, convexity, and proportion of gravel on the soil 
surface) at three spatial resolutions (0.5 × 0.5 m, 1.0 × 1.0 m, and 2.0 × 2.0 m) in a 20 × 20 m 
plot within the area with dwarf bamboo. Thirdly, I demonstrated the spatial distributions of, 
and the spatial associations between, dwarf bamboo cover and understory trees within the area 
with dwarf bamboo. Based on these results, I discussed the effect of dwarf bamboo cover on 
 18 
the spatial distributions of understory trees including F. crenata in a beech forest in western 
Japan. 
 
2-2, Methods 
2-2-1, Study site and plot 
The study site was a cool–temperate deciduous broadleaf forest dominated by F. crenata on 
Mt. Daisen in Tottori Prefecture, Japan (35° 21' N, 133° 32' E, elevation ca 990 m). Mean 
annual temperature and precipitation are about 11.5°C and 3635 mm, respectively (Japan 
Meteorological Agency, http://www.jma.go.jp/jma/menu/report.html). The slope is gentle, 
with a mean inclination of about 11°. Soils are acidic Andisols (Soil Survey Staff 2010), with 
a pH (H2O) ranging from 3.72 to 5.40 (Hirobe et al. unpubl. data), derived from Quaternary 
andesites. 
 A 40 m × 240 m transect (0.96 ha) was set across a south-southwest slope under a 
closed-canopy area in the forest, to minimize the effects of canopy gaps on the spatial 
distribution patterns of understory trees. The transect was divided into 5 m × 5 m quadrats. 
The understory in the eastern part of the transect was dominated by S. palmata, and that in the 
western part was dominated by shrubs. In 2007, all trees with a diameter at breast height 
(DBH) ≥ 2cm were identified and mapped (Sakamoto et al. unpubl. data). The total stem 
density and total basal area for the trees with a DBH ≥ 2 cm were 916 stems ha-1 and 43.6 m2 
ha-1, respectively. F. crenata and Quercus crispula accounted for 37 and 21% of total stem 
density, and 57 and 36% of the total basal area, respectively. The DBH of F. crenata ranged 
from 2.0 to 61.1 cm with the mean of 27.3 cm, and that of Q. crispula ranged from 16.4 to 
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121.2 cm with the mean of 32.1 cm. In this study I used the lower half (20 m × 240 m, 0.48 
ha) of the overall transect. 
 
2-2-2, Field data collection 
At each 5 m × 5 m quadrat in the lower half of the transect, five coverage classes of S. 
palmata were visually determined, based on the coverage percentage of the examined quadrat. 
These were: 0 (no cover), 1 (0 < coverage (%) < 25), 2 (25 ≤ coverage (%) < 50), 3 (50 ≤ 
coverage (%) < 75), and 4 (75 ≤ coverage (%)). For understory trees (DBH < 2cm), I 
identified all tree stems whose heights were ≥ 50 cm at each 5 m × 5 m quadrat, and measured 
that height. The above field works were conducted in 2007. All plant nomenclature followed 
Yonekura and Kajita (2003). 
 To clarify the fine-scale distribution of dwarf bamboo, in 2010, a 20 × 20 m plot was 
established in the eastern part of this transect that was at least 50 m from the edge of the area 
covered by dwarf bamboo and under a closed canopy. The plot was divided into a total of 
1600 0.5 × 0.5 m quadrats. Within each 0.5 × 0.5 m quadrat, I counted the living culms of 
dwarf bamboo and recorded their lengths. I also measured the relative altitude of the soil 
surface at every 1-m lattice point and used kriging to estimate this variable at 0.5-m points, 
using the variofit and krige.conv functions in the geoR package (Ribeiro and Diggle 2001; 
Diggle and Ribeiro 2007) for R software (version 2.15.2; R Core Team 2012). To obtain 
topographic descriptors, following Yamakura et al. (1995) and Itoh et al. (2003) for each 0.5 
× 0.5 m quadrat I then calculated the slope angle (from x, y, and z coordinates of its four 
corner points) and convexity (by subtracting the mean relative altitude of the surrounding 12 
external lattice points from that of its four corners). In addition, within each quadrat I 
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estimated the proportion of gravel on the soil surface (hereafter gravel cover) to the nearest 
10%, and the percentage cover of logs and trunks on the soil surface to the nearest 10% 
(which we excluded from percent cover of dwarf bamboo when modeling its density). 
 A massive insect (Crocidophora evenoralis) outbreak occurred at our study area in 2010 
that damaged the tips of many dwarf bamboo culms. Thus, I did not assess the possible 
effects of culm length on the studied relationships. The length of undamaged culms ranged 
from 0.13–1.76 m (mean, 0.95 m). 
 
2-2-3, SADIE analyses 
Spatial analysis was performed for the entire area, within the area of S. palmata cover in the 
lower half of the overall transect, and the 20 × 20 m plot established in the eastern part of this 
transect. Specifically, at first, I analyzed the spatial distributions of, and the spatial 
associations between S. palmata and 20 tree species (≥ 100 stems in the entire area) for the 
entire area. I then analyzed the fine-scale distribution of S. palmata in the 20 × 20 m plot. 
Finally, I analyzed the spatial distributions of and the spatial associations between S. palmata 
and 12 tree species (≥ 50 stems in the area with S. palmata cover) within the area of S. 
palmata cover. Understory vegetation spatial traits were analyzed using spatial analysis by 
distance indices (SADIE) (Perry and Dixon 2002). SADIE is the method developed for the 
spatial analysis of ecological count data which usually represent discrete variables distributed 
exceedingly patchily, frequently comprise a majority of zero values (Perry et al. 1999). I used 
the data of S. palmata coverage class or the stem number of an understory tree species at each 
5 m × 5 m quadrat as inputs for the above first and third analyses, while the data of the 
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number of living culms of the species in each 0.5 × 0.5 m quadrat for the second analysis in 
the 20 × 20 m plot. 
 The degree of non-randomness of spatial distribution was quantified by an index of 
aggregation (Ia) (Perry and Dixon 2002). In general, a spatially aggregated data set has an Ia > 
1, a spatially random data set has an Ia = 1, and a spatially regular data set has an Ia < 1. The 
dimensionless clustering indices, vi and vj, were calculated, and the means of vi and vj were 
used to quantify the degree of data clustering into patches (i.e. quadrats with above-average 
density) and gaps (i.e. quadrats with below-average density), respectively (Perry and Dixon 
2002). Based on these clustering indices, an index of local association (Χ) was calculated to 
evaluate the type of spatial association between S. palmata and the various tree species (Perry 
and Dixon 2002). The statistical significance of these indices was tested at P = 0.05, by 
comparison with corresponding values obtained from randomizations (the number of 
randomizations was 5967 in the first and third analyses, while 30 000 in the second analysis). 
All spatial statistics were performed using SADIE software 
(http://home.cogeco.ca/~sadieexplained/SADIE_downloads_page_5_1.html). 
 
2-2-4, Model analysis 
To examine the effects of slope angle, convexity, and gravel cover on the fine-scale spatial 
distribution of dwarf bamboo at three spatial resolutions, I constructed intrinsic conditional 
autoregressive (CAR) models, which include random effects on spatial structure. Since dwarf 
bamboo is a clonal plant that expands by vegetative growth, its spatial distribution at a fine 
scale is likely to be spatially autocorrelated. Therefore, using models that remove effects of 
spatial autocorrelation on residuals is essential for estimating the parameters accurately 
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(Fortin and Dale 2005; Latimer et al. 2006; Fukasawa et al. 2009). I assumed that the number 
of culms in quadrat i (Ni) follows a Poisson distribution, in which mean, λi, depends on the 
slope angle, convexity, and gravel cover: 
Ni ~ Poisson (!i) (1)  
log(λi)= β0 + β1 × Sli + β2 × Coi + β3 × Gri + log(Areai) + ρi (2)  
where β* is the set of an intercept or coefficients of explanatory variables, and Sli, Coi, and Gri 
are the slope angle (°), convexity (m), and gravel cover (%) in a quadrat i, respectively. I 
offset the area of logs and trunks on the soil surface at each quadrat to exclude areas where 
dwarf bamboo could not occur. ρi represents spatial random effects, and the structure of ρi is 
expressed by the following conditional distribution (also see Latimer et al. 2006): 
  ρi | ρj ~ Normal aijρjk∈δjai+ , σρ2ai+  (3)  
where aij = 1 and ρj is calculated only when quadrat j is adjacent to quadrat i (otherwise aij = 
0), and ai+ denotes the total number of quadrats adjacent to quadrat i. I defined adjacent 
quadrats as the eight quadrats surrounding the target quadrat at maximum. I assigned 
non-informative prior distributions to β* and σρ2. Poisson regression models were fitted using 
the Markov chain Monte Carlo (MCMC) procedure in WinBUGS 1.4.2 (Spiegelhalter et al. 
2003) via the R2WinBUGS package (Sturtz et al. 2005) in R 2.15.2 (R Core Team 2012). 
Posterior samples were obtained using three independent chains in which 6000 values were 
sampled with five-step intervals after 10 000 burn-in MCMC steps. Values of Gelman and 
Rubin’s R were less than 1.1, confirming convergence of the MCMC calculations (Gelman et 
al. 2004). I calculated the 95% credible interval (CI) of each fixed-effect parameter to 
determine its significance. In addition, to compare the significance of fixed effects, I 
mean-centered and scaled the distributions of all explanatory variables by their standard 
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deviations. To analyze the examined relationships at multiple spatial scales, I constructed 
corresponding datasets for 1.0 × 1.0 m and 2.0 × 2.0 m quadrats, omitting data for the 2.0 × 
2.0 m quadrats ≤ 1 m from the edge of our plot, because no convexity data for 2.0 × 2.0 m 
resolution analyses were available. 
 
2-3, Results and discussions 
2-3-1, Spatial associations between dwarf bamboo and understory trees in the entire 
area 
There was no coverage of S. palmata in the 0–135 m area transect across the slope, while S. 
palmata covered the forest floor, sometimes densely, in the 135–240 m area (Fig. 2-1). We 
found a total of 49 species of understory trees, with 11,686 stems (24,346 stems ha-1) (Table 
2-1). Dominant species stem densities were 4,908 stems ha-1 for Cephalotaxus harringtonia 
var. nana, 4,223 stems ha-1 for Lindera umbellata, and 3,015 stems ha-1 for F. crenata; the 
sum of these three species accounted for about 50% of overall total stems. These results were 
consistent with the phytosociological classification (Lindero umbellata–Fagetum crenatae) of 
the Japanese beech forest in this area (Hukusima et al. 1995). The mean heights of understory 
trees (Table 2-1) were less than the maximun height of S. palmata community (~170cm), and 
S. palmata cover could be effective for the survival and growth of most understory trees 
examined. 
 The SADIE analysis allowed me to evaluate the spatial distributions of, and the spatial 
associations between, S. palmata cover and understory trees (Tables 2-2 and 2-3), based on 
the results at a 5 × 5 m quadrat level which included many zero values. S. palmata spatial 
distributions were significantly aggregated (P < 0.05), with extreme patch and gap 
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distributions (P < 0.05). For spatial patterns of understory trees in relation to the extent of S. 
palmata cover, I found four groups which were strongly affected by the presence or absence 
of S. palmata cover. The first group (group I) included 13 species, in particular F. crenata, 
Viburnum furcatum, and Acanthopanax sciadophylloides, which all showed significantly 
aggregated spatial distributions (P < 0.05), and significant dissociations from the presence of 
S. palmata cover (P < 0.05). The second group (group II) included Meliosma tenuis, 
Hydrangea serrata var. yesoensis, and Ligustrum tschonoskii, and showed significantly 
aggregated spatial distributions (P < 0.05), but showed significant associations with the 
presence of S. palmata cover (P < 0.05). The third group (group III) included Acer japonicum 
and Acer rufinerve, and showed random spatial distributions, but significant dissociations 
from the presence of S. palmata cover (P < 0.05). The fourth group (group IV) included C. 
harringtonia var. nana and L. umbellata, and showed random spatial distributions, as well as 
being independent of the presence or absence of S. palmata cover. 
 In accordance with previous studies (e.g., Nakashizuka 1988; Hiura et al. 1995; Kubo and 
Ida 1998; Abe et al. 2002), my results suggest that the spatial distributions of many 
understory trees (groups I and III, 15 of 20 species examined) are strongly restricted, or at 
least restricted to a certain extent, by the presence of S. palmata cover. On the other hand, I 
found that there are some trees whose spatial distributions are probably not negatively 
affected (group IV), or might even be promoted (group II) by the presence of S. palmata 
cover. 
 
2-3-2, Fine-scale spatial distribution of dwarf bamboo within the area of dwarf bamboo 
cover 
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I found 1865 S. palmata culms in total in the 20 × 20 m plot. As shown in Table 2-4, in the 
0.5 × 0.5 m quadrats the culm density ranged from 0 to 48 per m2 (mean, 4.49 m-2), and the 
distribution appeared to be spatially biased (Fig. 2-2a). The SADIE analysis showed that the 
spatial distribution of the culms was significantly aggregated (Ia = 1.97; P < 0.05), and there 
were significant patches (mean vi = 1.99; P < 0.05) and gaps (mean vj = –1.81; P < 0.05). 
Mean culm densities in the 1.0 × 1.0 m and 2.0 × 2.0 m quadrats were similar to those in the 
0.5 × 0.5 m quadrats, but the ranges significantly differed, from 0 to 26 and from 0 to 15.50 
per m2, respectively (Table 2-4). 
 As also shown in Table 2-4, the slope angle of the 0.5 × 0.5 m quadrats ranged from 0.83 to 
60.22° (mean, 20.48°) and convexity from –0.41 to 0.47 m (mean, 0.00 m). The slopes were 
steepest around the center of the plot, and convexity was low in quadrats adjacent to the 
steepest slopes (Fig. 2-2b, c). Gravel cover ranged from 0.00 to 90.00% (mean, 10.25%), and 
its distribution appeared to be spatially biased (Fig. 2-2d). In the 1.0 × 1.0 m and 2.0 × 2.0 m 
quadrats, mean values of those physical factors were similar to those of the 0.5 × 0.5 m 
quadrats, but again their ranges significantly differed (Table 2-4). In the 1.0 × 1.0 m quadrats, 
slope angle, convexity, and gravel cover ranged from 0.41 to 60.49°, –0.84 to 0.75 m, and 
0.00 to 62.50%, respectively, while in the 2.0 × 2.0 m quadrats they ranged from 2.54 to 
46.92°, –1.17 to 0.52 m, and 0.00 to 38.18%, respectively (Table 2-4). 
 The 50% values of the posterior distributions of slope angle obtained from the intrinsic 
CAR models were negative at all spatial resolutions, but the 95% CI included 0 in the model 
based on 2.0 × 2.0 m quadrat data (Table 2-5). For convexity, the 50% values were positive at 
all spatial resolutions, but the 95% CI included zero in the model based on 0.5 × 0.5 m 
quadrat data, and the 95% CI for convexity was further from 0 at coarser resolution (Table 
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2-5). For gravel cover, the 50% values were negative at all spatial resolutions, but the 95% CI 
included 0 in the model based on 2.0 × 2.0 m data (Table 2-5), and in contrast to convexity 
the 95% CI for this variable was further from 0 at finer resolution (Table 2-5). 
 The results show that the spatial distribution of the dwarf bamboo S. palmata was spatially 
biased at 0.5 × 0.5 m resolution within our 20 × 20 m plot in a cool-temperate broadleaf forest. 
This indicates that there may be substantial errors in results of analyses of the spatial 
relationships between dwarf bamboo and other plants based on data obtained from large-scale 
quadrats, as discussed by Crawley (1997). The results also show that microphysical factors 
that putatively influence the distribution of S. palmata at coarser scales (Torii and Isagi 1997; 
Azuma and Kobayashi 2003; Noguchi and Yoshida 2005; Wang et al. 2009) also affect its 
local distribution. Slope angle appears to have negative effectives on its abundance, possibly 
because most of its rhizomes are 8 to 30 cm deep in the soil (Saijoh 1989) and may be 
damaged by the movement of surface soil on steep slopes. Gravel cover also appears to have 
negative effects, possibly because the extension of rhizomes is physically hindered in shallow 
soils with high gravel contents and low moisture contents (Torii and Isagi 1997). In contrast, 
convexity had positive effects, partly because the concave sites in our study sites were gullies, 
where soil movement likely inhibited the rhizomes’ extension. 
 In addition, the multi-resolution analysis indicates that the strength of the considered 
factors’ effects are scale-dependent (Table 2-5). At 0.5 × 0.5 m and 1.0 × 1.0 m resolution, 
slope angle and gravel cover significantly negatively affected the abundance of S. palmata, 
but they had no significant effects at 2.0 × 2.0 m resolution. In contrast, convexity had no 
significant effects at 0.5 × 0.5 m resolution, but positive effects at both 1.0 × 1.0 m and 2.0 × 
2.0 m resolution. In addition, the strength of the effects of gravel cover and convexity 
 27 
respectively increased and decreased with increases in spatial resolution. These results 
confirm that there were multi-scale sources of variation (Wiens 1989) on the abundance of S. 
palmata within the 20 × 20 m plot, which was significantly influenced by convexity at coarse 
scales (≥ 1 m), and both the slope angle and gravel cover locally (≤ 1 m). 
 The effects of slope angle on S. palmata abundance detected at fine resolutions (0.5 × 0.5 
m and 1.0 × 1.0 m), but lack of apparent effects at coarser (2.0 × 2.0 m) resolution might be 
partly due to the location of our plot on a relatively gentle overall slope, since local slopes 
may be steep even in such a plot (Table 2-5). Similarly, gravel cover was also only influential 
at the two finest resolutions, probably because gravel is sparsely distributed in the plot (Fig. 
2-2d). The contrasting influence of convexity at coarser resolution was probably due its 
weaker variation at fine resolution (Table 2-5). I conclude that convexity significantly 
influences the distribution of S. palmata at coarse resolution, while slope angle and gravel 
cover are more important at fine resolution in the focal cool-temperate deciduous broadleaf 
forest. 
 
2-3-3, Spatial associations between dwarf bamboo understory trees within the area of 
dwarf bamboo cover 
Within the area of S. palmata cover, the local spatial distribution of S. palmata was 
significantly aggregated (P < 0.05), with clear patch and gap assignments (P < 0.05) (Table 
2-6). I also found four types of understory tree spatial patterns in relation to the extent of S. 
palmata cover (Table 2-7), and confirmed that the extent of S. palmata cover affects 
differently among understory tree species. 
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 The first type (type A) was Padus grayana, which showed significant aggregation, and was 
significantly dissociated from denser S. palmata cover. The second type (type B) included C. 
harringtonia var. nana and Euonymus oxyphyllus, and showed significant aggregation, and 
was independent of the extent of S. palmata cover. The third type (type C) included A. 
japonicum and H. serrata var. yesoensis, and showed random spatial distributions, but was 
significantly dissociated from denser S. palmata cover. The fourth type (type D) included L. 
umbellata, F. crenata, A. sciadophylloides, Euonymus alatus f. striatus, M. tenuis, Symplocos 
coreana, and L. tschonoskii, and showed random spatial distributions that were independent 
of the extent of S. palmata cover. 
 
2-3-4, Spatial distributions of understory trees in relation to dwarf bamboo cover 
Among the 12 understory trees examined at both the entire and local spatial scales, P. 
grayana (group I, type A) alone appears to be negatively affected by both the presence and 
the extent of S. palmata cover. For F. crenata, A. sciadophylloides, E. alatus f. striatus, S. 
coreana, and E. oxyphyllus (group I, type B or D), the presence/absence of S. palmata cover 
might be more important than the extent of S. palmata cover. A. japonicum and H. serrata var. 
yesoensis (group II or III, type C) seem to be negatively affected to some extent by denser S. 
palmata cover, although H. serrata var. yesoensis showed a significant association with S. 
palmata cover over the entire area. However, in the case of C. harringtonia var. nana, L. 
umbellata, M. tenuis, and L. tschonoskii (group II or IV, type B or D), negative effects from S. 
palmata cover seem to be minor. 
 The results suggest that dwarf bamboo acts as an ecological filter, not only for overstory 
tree species (Itô and Hino 2007; Doležal et al. 2009), but also for other understory trees, 
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including shrubs, in the Japanese cool–temperate deciduous broadleaf forest. For the survival 
and growth of the entire understory tree community, the effects of S. palmata cover were 
generally negative, but the extent of negative effects were different among species. Moreover, 
the spatial distribution of dwarf bamboo was spatially biased even within the area of dwarf 
bamboo cover, depending on the microphysical environmental factors. Therefore, both the 
spatial distribution of dwarf bamboo and the role as ecological filter could contribute the 
species coexistence on understory layer. 
 In particular, among the tree species examined, F. crenata showed non-significant but the 
highest positive association with S. palmata cover in the area with S. palmata cover (Table 
2-7). This may reflect that F. crenata is shade-tolerant species (Cao and Ohkubo), and could 
survive with higher rate in the seedling stage, compared to the other tree species. However, in 
the entire area, F. crenata showed the significant dissociation from the presence of S. palmata 
cover as same with many tree species (Table 2-3). This result is similar to the results shown in 
the previous studies in beech forests (e.g., Abe et al. 2001). Therefore, the fine-scale spatial 
heterogeneity of dwarf bamboo culms or cover may be not significant for the seedling 
survival, whereas the presence/absence of dominance of dwarf bamboo may be important. To 
confirm this prediction, further investigations at seedling stage are needed, because this study 
was based on single measurements at a particular moment.  
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Table 2-1 Number of understory tree species (DBH < 2cm, Height ≥ 50cm) and their  
height observed in a 20 m × 240 m (0.48 ha) area of the cool–temperate deciduous broadleaf 
forest on Mt. Daisen 
Species Stems  (0.48 ha-1) 
Stems 
 (ha-1) 
Mean height  
(cm) ± 1SD 
Cephalotaxus harringtonia var. nana 2356 4908 66 ± 17 
Lindera umbellata 2027 4223 117 ± 43 
Fagus crenata 1447 3015 118 ± 57 
Viburnum furcatum 686 1429 107 ± 52 
Acanthopanax sciadophylloides 584 1217 134 ±68 
Euonymus alatus f. striatus 486 1013 90 ± 35 
Meliosma tenuis 450 938 92 ± 36 
Padus grayana 371 773 125 ± 52 
Vaccinium japonicum 370 771 66 ± 17 
Acer japonicum 304 633 136 ± 66 
Symplocos coreana 288 600 92 ± 33 
Viburnum wrightii 261 544 93 ± 38 
Ilex crenata var. radicans 258 538 72 ±21 
Euonymus oxyphyllus 229 477 130 ± 53 
Clethra barbinervis 197 410 98 ± 41 
Daphniphyllum macropodum 161 335 73 ± 19 
Acer mono 155 323 102 ± 42 
Hydrangea serrata var. yesoensis 148 308 63 ± 16 
Ligustrum tschonoskii 128 267 80 ± 25 
Acer rufinerve 104 217 67 ± 18 
Aria alnifolia 94 196 98 ± 50 
Benthamidia japonica 94 196 130 ± 51 
Corylus sieboldiana 65 135 80 ± 5 
Euonymus lanceolatus 50 104 63 ± 14 
Callicarpa japonica 48 100 85 ± 30 
Ilex leucoclada 47 98 83 ± 26 
Acer sieboldianum 39 81 124 ± 57 
Deutzia crenata 37 77 69 ± 20 
Quercus crispula 36 75 74 ± 25 
Ilex geniculata 35 73 93 ± 25 
Sorbus commixta 26 54 96 ± 40 
Ilex macropoda 20 42 71 ± 18 
Helwingia japonica 16 33 68 ± 18 
Styrax obassia 11 23 146 ± 64 
Kalopanax septemlobus 10 21 68 ± 19 
Toxicodendron trichocarpum 10 21 144 ± 55 
Others (< 10 stems in 0.48 ha-1) 38 79 --- 
Total 11686 24346  
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Table 2-2 Spatial distribution parameters for the S. palmata 
cover and 20 understory tree species in the 20 m × 240 m  
(0.48 ha) area in the cool–temperate deciduous broadleaf  
forest on Mt. Daisen 
Species Ia Mean vi Mean vj 
S. palmata 9.81† 10.12* -10.02* 
C. harringtonia var. nana 1.47# 1.40ns -1.44ns 
L. umbellata 1.26# 1.19ns -1.30ns 
F. crenata 4.57† 4.23* -4.69* 
V. furcatum 5.21† 5.89* -5.35* 
A. sciadophylloides 4.05† 4.13* -4.36* 
E. alatus f. striatus 2.56† 2.12* -2.61* 
M. tenuis 5.07† 5.49* -5.30* 
P. grayana 5.17† 5.17* -5.53* 
V. japonicum 4.00† 4.29* -4.27* 
A. japonicum 1.76# 1.32ns -1.71ns 
S. coreana 3.02† 2.49* -2.79* 
V. wrightii 5.21† 7.10* -5.21* 
I. crenata var. radicans 5.15† 5.92* -5.35* 
E. oxyphyllus 3.28† 3.52* -2.90* 
C. barbinervis 2.14† 1.62* -2.19ns 
D. macropodum 2.30† 1.82* -2.34ns 
A. mono 2.87† 2.91* -2.96* 
H. serrata var. yesoensis 2.37† 1.68* -2.54ns 
L. tschonoskii 4.20† 4.37* -4.32* 
A. rufinerve 1.22# 1.44ns -1.22ns 
ns, not significant;  
†, significantly aggregated distribution at P < 0.05;  
#, not significantly different from random distribution;  
*, significant patch or gap at P < 0.05; ns, not significant 
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Table 2-3 Spatial associations between 
S. palmata cover and 20 understory tree  
species in the entire area investigated 
Species Χ 
C. harringtonia var. nana -0.17# 
L. umbellata -0.16# 
F. crenata -0.70†† 
V. furcatum -0.73†† 
A. sciadophylloides -0.67†† 
E. alatus f. striatus -0.36†† 
M. tenuis 0.73† 
P. grayana -0.73†† 
V. japonicum -0.73†† 
A. japonicum -0.32†† 
S. coreana -0.34†† 
V. wrightii -0.70†† 
I. crenata var. radicans -0.78†† 
E. oxyphyllus -0.44†† 
C. barbinervis -0.49†† 
D. macropodum -0.77†† 
A. mono -0.37†† 
H. serrata var. yesoensis 0.56† 
L. tschonoskii 0.61† 
A. rufinerve -0.29†† 
†, significantly associated with S. palmata cover at P < 0.05;  
#, not significantly different from independent relationship;  
††, significantly dissociated with S. palmata cover at P < 0.05
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Table 2-4 Densities of living S. palmata culms and microtopographycal 
environmental factors in the quadrats of each scale in our study plot. Data  
obtained from quadrats within 1 m of the edge of our plot were excluded  
from the calculations 
Quadrat size Variable Mean ± SD Min - Max 
0.25 m2 
No. of living Culms 1.12 ± 1.82 0.00 - 12.00 
Living culm density/m2 4.49 ± 7.27 0.00 - 48.00 
Slope angle (°) 20.48 ± 11.51 0.83 - 60.22 
Convexity (m) -0.00 ± 0.09 -0.41 - 0.47  
Gravel cover (%) 10.25 ± 16.02 0.00 - 90.00 
1.00 m2 
No. of living Culms 4.49 ± 4.86 0.00 - 26.00 
Slope angle (°) 20.61 ± 11.73 0.41 - 60.49 
Convexity (m) -0.01 ± 0.21 -0.84 - 0.75  
Gravel cover (%) 10.25 ± 12.51 0.00 - 62.50 
4.00 m2 
No. of living Culms 17.95 ± 13.92 0.00 - 62.00 
Living culm density/m2 4.49 ± 3.48 0.00 - 15.50 
Slope angle (°) 19.26 ± 10.26 2.54 - 46.92 
Convexity (m) -0.02 ± 0.36 -1.17 - 0.52  
Gravel cover (%) 10.25 ± 8.78 0.00 - 38.18 
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Table 2-5 Quantiles (2.5%, 50.0%, and 97.5%) of the posterior  
distributions of parameters of fixed effects in the intrinsic conditional  
autoregressive models 
Quadrat size Variable Parameter 2.5% 50.0% 97.5% 
0.25 m2 
Slope angle (°) β1 -0.414  -0.257  -0.096  
Convexity (m) β2 -0.051  0.084  0.217  
Gravel cover (%) β3 -0.578  -0.435  -0.293  
1.00 m2 
Slope angle (°) β1 -0.478  -0.294  -0.118  
Convexity (m) β2 0.082  0.239  0.394  
Gravel cover (%) β3 -0.498  -0.331  -0.173  
4.00 m2 
Slope angle (°) β1 -0.334  -0.052  0.203  
Convexity (m) β2 0.218  0.496  0.786  
Gravel cover (%) β3 -0.496  -0.238  0.019  
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Table 2-6 Spatial distribution parameters for the S. palmata cover  
and 12 understory tree species within the area of S. palmata cover 
Species Stem No. Ia Mean vi Mean vj 
S. palmata --- 2.65† 2.53* -2.45* 
C. harringtonia var. nana 777 1.75† 1.93* -1.71* 
L. umbellata 827 1.10# 1.12ns -1.07ns 
F. crenata 297 1.01# 1.08ns -0.97ns 
A. sciadophylloides 89 1.21# 1.20ns -1.13ns 
E. alatus f. striatus 143 0.89# 0.84ns -0.89ns 
M. tenuis 377 0.90# 0.98ns -0.95ns 
P. grayana 56 3.48† 3.94* -3.53* 
A. japonicum 98 1.36# 1.34ns -1.27ns 
S. coreana 87 0.99# 1.01ns -0.92ns 
E. oxyphyllus 77 1.82† 1.40ns -1.72* 
H. serrata var. yesoensis 125 1.60# 1.37ns -1.62* 
L. tschonoskii 104 1.16# 1.14ns -1.12ns 
ns, not significant;  
†, significantly aggregated distribution at P < 0.05;  
#, not significantly different from random distribution;  
*, significant patch or gap at P < 0.05; ns, not significant 
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Table 2-7 Spatial associations between  
S. palmata cover and 12 understory tree  
species within the area of S. palmata  
cover 
Species Χ 
C. harringtonia var. nana -0.08# 
L. umbellata -0.05# 
F. crenata 0.25# 
A. sciadophylloides 0.05# 
E. alatus f. striatus 0.23# 
M. tenuis 0.15# 
P. grayana -0.45†† 
A. japonicum -0.31†† 
S. coreana -0.07# 
E. oxyphyllus 0.04# 
H. serrata var. yesoensis -0.28†† 
L. tschonoskii -0.10# 
†, significantly associated with S. palmata cover at P < 0.05;  
#, not significantly different from independent relationship;  
††, significantly dissociated with S. palmata cover at P < 0.05 
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Fig. 2-2 a) Spatial distribution of the number of living culms in an area 
of 0.25m2, b) slope angle (°), c) convexity (m), and d) gravel cover (%)  
in each 0.5 × 0.5-m quadrat in the 20 × 20-m plot 
  
a) Number of living culms (0.25 m−2) b) Slope angle (°)
c) Convexity (m) d) Gravel cover (%)
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Chapter 3 
Spatially stationary and non-stationary factors affecting the survival of 
Fagus crenata seedlings 
 
3-1, Introduction 
The seedling stage is the bottleneck in the life cycle of trees (Harper 1977), and it is essential 
to study this stage to understand the influencing factors that may be affecting seedling 
dynamics for predicting species-specific niches and entire population dynamics. Therefore, 
numerous studies have investigated species-specific microenvironmental factors regulating 
seedling germination or performance (e.g., Maestre et al. 2003; Masaki et al. 2007; 
Gómez-Aparicio et al. 2008; Comita et al. 2009; Navarro-Cerrillo et al. 2014). However, 
these previous studies were based on the assumption that relationships between seedling 
performance and microenvironmental factors would not vary across space within a study plot. 
 Several studies that were undertaken at larger spatial scales have recognized changes in 
direction and/or strength of plant-environment relationships along space (i.e., spatial 
non-stationarity relationships). For example, Svenning et al. (2009) demonstrated that 
topographic environmental heterogeneity had a stronger positive impact on plant species 
richness in high-mountain areas in southern Europe than in northern Europe. The spatial 
non-stationarity of topographic effects has also been reported in net primary production 
(Wang et al. 2005), vegetation cover area (Zhao et al. 2010), basal area (Kupfer and Farris 
2007), and species richness of woody plants (Martin-Queller et al. 2011). Based on these 
studies at larger spatial scales, previous studies on seedling performance at smaller spatial 
scales might have overlooked meaningful spatial patterns of plant-environment relationships 
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that were masked by global statistics. In addition, indicating spatial non-stationarity for the 
effect of predictor variables helps develop spatial models (Fotheringham et al. 2002). 
Therefore, it is useful to introduce the concept of spatial non-stationarity to smaller-scale 
studies for seedling dynamics. 
 Geographically weighted regressions (GWR) help us investigate the geographical variation 
in relationships between variables. A kernel function included in GWR parameters enables us 
to estimate the intercept and regression parameters, as well as weighting parameters in 
surrounding observation points (see Fotheringham et al. 2002). Recently, GWR have been 
developed to manage data following Poisson and Bernoulli distributions and to combine 
geographically varying and geographically constant parameters within a single model (i.e., 
semi-parametric geographically weighted generalized linear model [GWGLM]) (Nakaya et al. 
2005; Nakaya 2015). This semi-parametric GWGLM has the potential to change 
non-significant spatially varying parameters into spatially constant parameters, leading to 
simplification of the spatial non-stationary model. Semi-parametric GWGLM contributed to 
elucidate the dispersal pattern of an infectious disease (Ehlkes et al. 2014). In our knowledge, 
however, no previous study has applied semi-parametric GWGLM to plant ecology. 
 In the present study, we utilized beech (F. crenata) seedlings, a major tree species in the 
cool-temperate forests in Japan, with previous studies investigating the microenvironmental 
factors affecting the spatial distribution and survival of these seedlings. For example, it is well 
established that the density and survival of F. crenata seedlings are negatively affected by 
dwarf bamboo cover (e.g., Kubo and Ida 1998; Abe et al. 2001, 2002, 2005; Itô and Hino 
2007), owing to low light conditions under dwarf bamboo plants (Kobayashi et al. 2000). 
Hashizume (1994) speculated that microtopography could also be important for seedling 
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survival of F. crenata owing to the differences in soil moisture. Indeed, soil moisture content 
controlled the spatial distributions of many species including F. crenata seedlings (Masaki et 
al. 2015). However, Masaki et al. (2005) failed to detect the clear effect of microtopography 
on the seedling survival. Thus, the role of topography in the microhabitat for F. crenata 
seedlings is still unclear. The distance from the nearest seed source tree affected the mortality 
of the seed (Tomita et al. 2002) and seedling stages (Akashi 1997) owing to the resultant 
changes in population density. In addition, seedling size is suggested to be a critical factor for 
survival (Hashizume 1994). 
 In the present study, we focused on the relationships between the survival of F. crenata 
seedlings and six potentially influencing factors, which included five microenvironmental 
factors (culm density of dwarf bamboo, slope angle, topographic convexity, the distance from 
the nearest seed source, and local density of F. crenata seedlings) and seedling size. Our 
objective was to investigate the spatial patterns in the relationships between seedling survival 
and the potentially influencing factors, via the use of semi-parametric GWGLM. 
 
3-2, Methods 
3-2-1, Field data collection 
The study site was a cool-temperate deciduous broadleaf forest in the Wakasugi Forest 
Reserve, Japan (35°15′ N, 134°23′ E, elevation approximately 1000 m). Mean annual 
temperature and precipitation in this region were approximately 8.0 °C and 2150 mm, 
respectively, based on meteorological data collected from 1981 to 2010 (Japan 
Meteorological Agency 2012), while snow accumulation was approximately 1.5 m in March 
1995 (Mizunaga and Nakashima 1997). I established a 0.27-ha (90 × 30 m) plot across a 
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northward-facing slope of the forest, and divided this plot into 5 × 5 m quadrats to investigate 
environmental factors. The canopy layer is dominated by F. crenata, Magnolia obovata, and 
Betula grossa (Uyanga et al. 2016), and dwarf bamboo, S. kurilensis, grows on the forest 
floor (Mizunaga et al. 1996). 
 In 2011, I marked all F. crenata seedlings with stem lengths <50 cm within the 90 × 30 m 
plot, and measured their maximum stem length from ground level to the bud scar of the 
previous year, indicating the length at the beginning of the growing season in 2011. I recorded 
the x and y coordinates of the marked seedlings and then returned in September 2012 to 
measure the survival of these seedlings. I excluded 16 seedlings from the model analysis, as 
these were lost before recording of their locations occurred. I defined F. crenata trees that 
reached the canopy layer as the main seed sources, and recorded the x and y coordinates at the 
center of the adult tree crowns in the plot. In addition, I recorded these coordinates for adult 
trees located within 20 m outside the plot, to account for possible seed inflow. 
 I calculated second-order local neighbor density (Pélissier and Goreaud 2001) of F. crenata 
seedlings, using “kval” function in “ads” package (Pélissier and Goreaud 2015) in R-3.2.0 (R 
Core Team 2015). In the present study, I focused on neighbors within a radius of 1 m from 
target seedlings and used the correction factor defined by Ripley (1977). To obtain 
topographic descriptors, I measured the relative altitude of the soil surface at 5-m lattice 
points in 2011 and calculated slope angle and convexity, according to methods described by 
Yamakura et al. (1995) (also see Itoh et al. 2003). In 2012, I counted the number of dwarf 
bamboo culms having lengths ≥50 cm in a 2 × 2 m quadrat at the center of each 5 × 5 m 
quadrat. 
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3-2-2, Model analysis 
To examine local variation in the relationship between survival rate and environmental 
variables, I used semi-parametric GWGLM, which enables us to consider both geographically 
local and global parameters (Nakaya 2015). I assumed that the survival (Si) of seedlings i 
follows a Bernoulli distribution, where seedling survival probability, pi, depends on their size 
(Sii), the distance from the nearest seed source (Dii), the local density of F. crenata seedlings 
(Dei), and the environmental variables in the 5 × 5 m quadrats l [convexity (Col), slope angle 
(Sll), and culm density of dwarf bamboo (Dwl)] (Table 3-1). When all parameters vary 
geographically, our model can be described as follows: 
Si ~ Bernoulli(pi) (4)  
log
pi
1–pi
= β0 ui  + β1 ui Sii + β2 ui Dii + β3 ui Dei + β4 ui Col  
+ β5 ui Sll + β6 ui Dwl 
(5)  
where, β represents the intercept or the regression coefficient for each variable, and ui the x 
and y coordinates of seedlings i. β(ui), the geographically weighted maximum likelihood 
estimate at location ui, is defined as 
β(ui) =  argmaxβ logL(β(ui)) (6)  
logL(β(ui)) =  logBernoulli Sj  p(β(ui)))wij(dij)
j
 (7)  
where, β(ui) indicates the set of regression parameters (β0(ui), β1(ui),…, β6(ui)), wij (dij) is the 
weight value of the observation at locations with seedling j (j ≠ i) for estimating the 
coefficient at a location with seedling i, and dij is the Euclidean distance between seedling i 
and j. In practice, the method of parameter estimation employs a back-fitting procedure, 
which repeats the estimation of (i) local parameters based on geographically weighted 
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maximum likelihood and (ii) global parameters based on standard maximum likelihood 
(Nakaya et al. 2005). In this study, I used an adaptive bi-square kernel function (Nakaya 
2015): 
wij = 1–
dij
Bi
2 2
 dij < Bi
0             otherwise
 (8)  
where, Bi is an adaptive bandwidth size, which controls the degree of geographical variation 
of parameters, defined as the distance to the Mth nearest observational point. The optimal 
number for M was determined by the model selection indicator, Akaike’s information 
criterion corrected for a small sample size (AICc), using the Golden Section Search algorithm 
in GWR4 software (Nakaya 2014). However, when the selected model had an inflated 
variance of predictions, which is probably caused by local collinearity, I repeated the manual 
search in the larger bandwidth that did not produce the inflated variance and with minimum 
AICc, as recommended by Nakaya (2014). Nevertheless, if this was unsuccessful, then I 
regarded the model as inappropriate. Specifically, I determined the occurrence of inflated 
variance when the trace of S is smaller than that of SΤS, according to Nakaya (2014), where S 
is the hat matrix, and traces of both S and SΤS are components of the local standard error 
(Fotheringham et al. 2002). 
 To examine the importance of fixed effects and spatial variability, I compared the Akaike’s 
information criterion (AIC) of nested models, which differs in the combination of explanatory 
variables and/or in the combination of local/global terms. I always included the intercept in 
either the local or the global term. In other words, the intercept has two states (global or local) 
whereas regression coefficients have three states (global, local, or null) resulting in the 1458 
(21 × 36) nested models in total, which include 64 global and 1394 local models. Global 
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models are identical to ordinary generalized linear models. In addition, global models capture 
spatially autocorrelated unknown factors when there is spatial variation in the intercept 
(Nakaya 2015), similar to conditionally autoregressive models. I selected the three lowest 
AIC models from the 1458 nested models, after excluding the local models where the 
variance of predictions was inadequately inflated as mentioned above. I also mean-centered 
and scaled the distributions of all explanatory variables by their standard deviation to compare 
the impact of fixed effects. The model analysis was performed using GWR4 software 
(Nakaya 2014). 
 
3-3, Results 
3-3-1, Spatial distribution of F. crenata seedlings and variation in microenvironmental 
factors 
From 2011 to 2012, the number of F. crenata seedlings decreased from 590 to 516. No 
current-year seedlings were observed in 2011, which is why I focused on F. crenata seedlings 
that were older than one year in age. The mean length of seedlings was 12.8 cm, and the 
distance between a seedling and its nearest seed source tree ranged from 0.3 to 22.7 m, with a 
mean of 6.9 m (Table 3-1). The local density of F. crenata seedlings ranged from 0.0 to 6.1 
with a mean of 1.0 (Table 3-1). The higher the number of seed sources present, the higher the 
number of seedlings likely to be distributed (Fig. 3-1). The slope angle ranged from 8.1 to 
42.0° with a mean of 28.3°, the topographic convexity ranged from −1.9 to 1.2 m with a mean 
of −0.1 m, and the culm density of dwarf bamboo ranged from 0.0 to 24.5 m-2 with a mean of 
5.3 m-2 (Table 3-1). The slope of the quadrat was steeper in the western section (x coordinate 
> 40 m) than in the eastern section (Fig. 3-2a). In particular, the slope of the quadrat was steep 
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near the center of the x-coordinate (Fig. 3-2a), where the convexity was highly variable (Fig. 
3-2b) and the culm density of dwarf bamboo was relatively low (Fig. 3-2c). 
 
3-3-2, Model analysis 
In 86 of the 1394 local models, I could not find the bandwidth (number of the observation 
points) that did not produce an inflated variance of predictions; therefore, I selected the best 3 
models from 1372 models (i.e., 1308 local models and 64 global models). Table 3-2 shows 
the selected variables and estimated coefficients in the best three models based on AIC. 
Seedling size and the distance from the nearest seed source tree were selected in all three 
models, and the coefficients were positive. Slope angle was also selected in all three models, 
although the coefficients were negative. The culm density of dwarf bamboo was selected in 
the second and third best models, and the coefficients were positive. In contrast to these 
variables, topographic convexity and local density of F. crenata seedlings were not selected 
in any of the three models. The absolute value of the coefficient was the highest for seedling 
size among the selected variables in each model. 
 Among the selected variables, only the slope angle was classified into local terms in the 
best and second best models (Table 3-2). The coefficient of slope angle ranged from −0.60 to 
−0.15 with a mean of −0.29 in the first model, and from −0.58 to −0.18 with a mean of −0.30 
in the second model (Table 3-2). The absolute values of both the coefficients and t 
(coefficient/standard error) were higher around the center of the x-coordinate and the lower 
part of the y-coordinate in the best model (Fig. 3-3), with the second best model having an 
almost identical result as the first model. As a result, the absolute values of local coefficients 
of slope angle in this area were as high as those of the coefficients of seedling size and the 
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distance from the nearest seed source tree. 
 
3-4, Discussion 
The results show that four out of six possibly influencing factors were important predictors 
for the survival of F. crenata seedlings (Table 3-2). Among these four factors, seedling size 
was critical for the survival of F. crenata seedlings (Table 3-2). Previous studies showed that 
survival rates increased with the age of F. crenata seedlings, which is positively correlated 
with their stem length (Hashizume 1994; Masaki et al. 2005), and Masaki et al. (2005) 
discussed that increased survival was possibly owing to an improved tolerance to fungal 
infection. The older and/or larger seedlings may be able to improve their defense mechanisms 
against attacks by pathogens via chemical production (Yamaji and Ichihara 2012) and/or 
symbiotic ectomycorrhizal fungi (Whipps 2004), at a cost of considerable photosynthetic 
production. 
 Distance from the nearest seed source tree had a strong positive effect on the survival of F. 
crenata seedlings (Table 3-2), suggesting that distance-dependent mortality is one of the 
significant factors affecting seedling dynamics, as shown in previous studies (Akashi 1997). 
Both vertebrate herbivores (Yamazaki et al. 2009) and pathogens such as Colletotrichum 
dematium and Cylindrocarpon sp. (Ichihara and Yamaji 2009) can induce distance-dependent 
mortality of F. crenata seedlings. On the other hand, the local density of F. crenata seedlings 
did not have a clear negative effect on seedling survival (Table 3-2). This might suggest that 
negative density dependence occurs in the earlier stages such as seed-to-seedling growth, as 
reported by Masaki et al. (2007). 
 Slope angle had an obvious negative effect on the survival of F. crenata seedlings (Table 
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3-2). Previous studies have demonstrated that soil disturbance occurred frequently at steep 
slope sites (Nagamatsu and Miura 1997), and that sliding litter and/or detritus buried and 
damaged seedlings (Mack 1998). In the present study, a similar mechanism might be 
responsible for the dearth of seedlings, especially in the western side of the plot (x-axis is 
from 40 to 90) where the slope angle was relatively steep (Fig. 3-1, 3-2a). 
 The culm density of dwarf bamboo positively affected the survival of F. crenata seedlings 
(Table 3-2). This positive effect might have partly been caused by the fact that the culm 
density in the study plot was not sufficiently high to exert a negative effect on seedling 
survival and by the weak positive correlation between stem length and culm density (data not 
shown). The presence of dwarf bamboo culms could have a direct positive effect such as a 
protection of seedlings from physical disturbances, because clumped distributions of plants 
can deflect or delay sliding debris on a steep slope (Mack 1998). However, the absolute value 
of the coefficient was lower than those for seedling length and distance from the nearest seed 
source tree (Table 3-2), suggesting that the positive effects of dwarf bamboo might be less 
important than the other factors. Meanwhile, there was a possibility that dwarf bamboo had 
negative effects on germination and survival of current-year F. crenata seedlings in this forest, 
because the leaf litter from dwarf bamboo strongly inhibits germination (Doležal et al. 2009). 
 Hashizume (1994) proposed that microtopography can influence seedling dynamics owing 
to differences in soil moisture. In the present study, however, topographic convexity was not 
an important predictor (Table 3-2), with Masaki et al. (2005) reporting similar results. This 
might be because the study plot was entirely on a slope, and microsites with low convexity 
values do not correspond to over-humidity sites such as valley bottoms. 
 The best and second best models were the local models that included the spatial 
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non-stationarity relationship between seedling survival and slope angle (Table 3-2), indicating 
that the effect of slope angle would be expected to change depending on the location of the 
seedling within the plot. The slope angle had obvious and strong negative effects at the 
hollow site (x- and y-axis are from 40 to 60 and from 0 to 15, respectively), but indistinct and 
weak effects at the planar and gentle slope sites (x-axis is from 0 to 40) (Fig. 3-3). Moreover, 
even at similarly steep slopes, the slope angle exerted more obvious and greater negative 
effects on seedling survival when the location was in the hollow site than when it was in the 
steep, planar site in the western part of the plot (Fig. 3-3). Consequently, in the hollow, the 
effectiveness of slope angle on the seedling survival would be as high as that of seedling size 
or distance from the nearest seed source tree. 
 In addition, the assumption of spatial non-stationarity for the coefficients of other five 
parameters did not improve the models, indicating that the direction and/or extent of effects of 
these factors were constant irrespective of the spatial location on a small scale (~100 m). 
Given that the effects of environmental factors on plant performance could change in 
response to spatial scale and/or resolution examined (e.g., Wiens 1989), further studies at 
multiple spatial scales and resolutions would contribute additional insight into the 
relationships between plant performance and environmental conditions. 
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Table 3-1 Description, means (± SD), and ranges of fixed effects in our model 
Variable Description Mean ± SD Range 
Co Convexity (m) at 5×5-m grid −0.14 ± 0.53 −1.85-1.24 
De Local density (m-2) of F. crenata seedlings 0.95 ± 1.06 0.00-6.05 
Di Distance (m) from the nearest conspecific canopy tree 6.85 ± 3.88 0.30-22.68 
Dw Culm density (m-2) of dwarf bamboo 5.26 ± 4.21 0.00-24.50 
Si Seedling size (cm) in 2011 12.82 ± 6.94 0.90-48.00 
Sl Slope angle (°) at 5×5-m grid 28.34 ± 6.60 8.05-42.04 
 
 
 Table 3-2 Global and local parameters of the best three models based on the Akaike’s information criterion (AIC). M is the number of 
observation points to determine the bandwidth. The details of each predictor are described in Table 1 
Coefficients (SE) of global parameter   Mean (Range) of coefficients of local parameters   
M AIC 
Intercept Si Di De Co Dw Sl   Intercept Si Di De Co Dw Sl   
2.48 
(0.18) 
0.64 
(0.22) 
0.57 
(0.19) 
                      
−0.29 
(−0.60 - −0.15) 
  527 357.7 
2.50 
(0.18) 
0.63 
(0.22) 
0.51 
(0.20) 
    
0.23 
(0.17) 
                
−0.30 
(−0.58 - −0.18) 
  529 357.9 
2.47 
(0.18) 
0.63 
(0.22) 
0.49 
(0.20) 
    
0.24 
(0.17) 
−0.24 
(0.15) 
                    358.5 
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Fig. 3-1 Spatial distributions of the seedlings (black points) and canopy trees (circles) of 
Fagus crenata. The widths between the contour lines represent 1-m intervals, and the arrow 
indicates the north direction 
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Fig. 3-2 Spatial distributions of a) slope angle (º),  
b) convexity (m), and c) culm density (m-2) of  
dwarf bamboo in each 5 × 5 m quadrat 
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Fig. 3-3 Estimated coefficients and t values (coefficient/SE) of slope angle in the best model. 
The widths between the contour lines represent 1-m intervals, and the arrow indicates the 
north direction 
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Chapter 4 
The relationship between seedling survival of Fagus crenata and their 
genetic relatedness to neighboring conspecific adults 
 
4-1, Introduction 
The Janzen-Connell hypothesis (Janzen 1970; Connell 1971), which attempts to explain the 
coexistence of plants in tropical forests, has received an increasing amount of attention over 
the past four decades. The theory states that seeds or seedlings located close to conspecific 
adults are more vulnerable to attacks by species-specific enemies, such as pathogens and 
insect herbivores, and hence have comparatively higher mortality rates (density- or 
distance-dependent mortality) than seeds or seedlings located at a distance from conspecific 
adults. In addition, other species can invade the space created by the death of conspecific 
seedlings, leading to high local tree diversity. Density- or distance-dependent mortality of 
seeds or seedlings has been demonstrated in many tropical (e.g., Augspurger 1983; Blundell 
and Peart 1998; Webb and Peart 1999; Bagchi et al. 2010; Comita et al. 2010) and temperate 
(e.g., Packer and Clay 2000; Tomita et al. 2002; Seiwa et al. 2008; Yamazaki et al. 2009; 
Johnson et al. 2012) species. 
 Recent studies have not only demonstrated the importance of species-specific natural 
enemies, but have also emphasized that the rate of infection by pathogens is dependent on the 
host tree genotype, indicating that these pathogens are not only species-specific but are also 
genotype-specific; in one experiment, for example, it was shown that pathogens infected 
Quercus robur leaves from the original host tree at a higher rate than leaves from other 
conspecific host trees, suggesting that only those pathogens that could adapt to the host tree 
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genotype survive (Rosline et al. 2007). Moreover, Liu et al. (2012) demonstrated that the rate 
of infection by pathogens among Ormosia glaberrima seedlings depended on the host tree 
genotype. Thus, the genetic relatedness of seedlings to the neighboring adults may influence 
seedling survival when the rate of damage by natural enemies, such as herbivores and 
pathogens, depends on a specific host genotype. However, to my knowledge, no study has 
examined this relationship in the field, and thus I aimed to test the hypothesis that seedling 
survival decreases with genetic relatedness to the neighboring adults, assuming that natural 
enemies adapt to adult trees with unique genotypes. 
 Several previous studies have demonstrated density- or distance-dependent mortality of F. 
crenata at the seed (Tomita et al. 2002) and seedling stages (Masaki et al. 2007). Because the 
physical distance between two conspecific adults of major tree species in temperate forests is 
generally quite small, seed dispersal areas often overlap between the adjacent conspecific 
adults, particularly in gravity-dispersed species. Consequently, the conspecific adult nearest to 
a seedling is not always the mother tree, and thus we need to evaluate the effects of genetic 
relatedness between seedlings and the neighboring adults on seedling survival in the field. In 
this study, I assessed survival of two different seedling cohorts (2 and 6 years old) during a 
year in a F. crenata population. 
 
4-2, Methods 
4-2-1, Field data collection 
I conducted my study in the Wakasugi Forest Reserve, located in Okayama Prefecture, central 
Japan. The details about this site are described in Chapter 3. I established a 0.25-ha (50 × 50 
m) plot across a north-facing slope of this forest. In 2012, I chose two cohorts of F. crenata 
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seedlings that germinated in 2010 and 2006 (hereafter C2 and C6). Seedlings from these years 
were selected because they comprised the largest and the second largest number of seedlings 
among cohorts older than 1 year of age (Akaji unpublished data). I recorded the x and y 
coordinates of all seedlings of these age groups growing within the 0.25-ha plot, and recorded 
seedling survival in September 2013. For the purposes of this study, I classified individual 
trees that reached the canopy layer as adult trees, because large F. crenata trees produce 
abundant fruit and seeds (Hashizume et al. 1984). I also recorded the x and y coordinates of 
the centers of adult tree crowns not only in the plot but also for adult trees located 20 m 
outside of our plot in order to include potentially related individuals growing beyond the plot 
boundaries. 
 
4-2-2, Genetic analysis 
In September 2012, I collected leaves from both seedlings and adult trees for purposes of 
genetic analysis. In total, leaves from 97 C2 seedlings, 245 C6 seedlings, and 38 adult trees 
were included in the analysis. Genomic DNA was extracted from 30 mg of the leaves using 
the cetyltrimethylammonium bromide (CTAB) method (Murray and Thompson 1980). Six 
microsatellite markers developed for F. crenata were used for genotyping (Table 4-1, Tanaka 
et al. 1999; Asuka et al. 2004), with the forward primers fluorescently labeled with FAM, 
HEX, and PET for multiplexing (Table 4-1). The resulting DNA solution was diluted with 
sterile water to a concentration of 10 ng·µL-1, and then amplified via polymerase chain 
reaction (PCR) using a QIAGEN Multiplex PCR Kit (QIAGEN, Hilden, Germany), with the 
following temperature profile: denaturation for 2 min at 95°C, 34 cycles of denaturation for 
30 s at 95°C, annealing for 30 s at 58°C, and extension for 30 s at 72°C, and then final 
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extension for 5 min at 72°C. The PCR products were run through a 3730xl DNA Analyzer 
(Applied Biosystems, Foster City, California). Scoring was manually performed using Peak 
Scanner v2.0 software. 
 Four methods were used for calculating pairwise relatedness (Queller and Goodnight 1989; 
Li et al. 1993; Loiselle et al. 1995; Lynch and Ritland 1999) between F. crenata seedlings and 
the neighboring adults. SPAGeDi 1.5 software was used to first calculate pairwise relatedness 
(Hardy and Vekemans 2002), considering all samples as the reference population. I then 
calculated a weighted average of genetic relatedness of each seedling to the neighboring 
adults, using the inverse distance weighting method (see Fortin and Dale 2005), a common 
approach for estimating spatial interpolation. I set the exponent value of distance as 2, and 
defined the conspecific neighboring adults as the canopy trees of F. crenata within a 20-m 
radius from focal seedlings, which was the seedling buffer distance in the plot. 
 
4-2-3, Model analysis 
To examine the relationship between survival rate and degree of genetic relatedness to 
neighboring adults of F. crenata seedlings, I constructed Bernoulli models for each genetic 
relatedness estimator in a Bayesian framework, with sample sizes of 97 and 245 seedlings for 
C2 and C6, respectively. Given that genetic relatedness decreased as the physical distance to 
the nearest conspecific adult increased (Fig. 4-1), I also included the physical distance in our 
models as a covariate. I assumed that the survival (S) of seedlings i (Si) follows a Bernoulli 
distribution, in which seedling survival probability, pi, depends on the genetic relatedness and 
physical distance of the seedling to the nearest conspecific adult: 
Si ~ Bernoulli(pi) (9)  
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log
pi
1–pi
= β0j + β1j × Rei + β2j × Dii + ρk  (10)  
where, β0j, β1j, and β2j j represent the intercept, the regression coefficient for relatedness, and 
the regression coefficient for distance, respectively, of cohort j; ρk represents a spatial random 
effect in quadrat k that captures the spatial correlation of the unknown factors in the field (see 
Latimer et al. 2006). In this study, I divided the plot into 5 × 5-m quadrats and used the center 
location of each quadrat for the calculation of a spatial random effect. The prior distributions 
and details of the parameters are shown in Table 4-2. This model was fitted using the Markov 
Chain Monte Carlo (MCMC) procedure in WinBUGS 1.4.3 (Spiegelhalter et al. 2003) via the 
R2WinBUGS package (Sturtz et al. 2005) in R-3.1.2 (R Core Team 2014). Posterior samples 
were obtained using three independent chains, in which 7500 values were sampled with 
20-step intervals after 2000 burn-in MCMC steps were completed. Values of Gelman and 
Rubin’s R were less than 1.1, confirming convergence of the MCMC calculations (Gelman et 
al. 2004). I calculated the 95% credible interval (CI) of the fixed-effect parameter, and 
considered the parameter statistically significant if the 95% CI did not include 0. 
 
4-3, Results 
From 2012 to 2013, the number of individuals in C2 and C6 decreased from 97 to 81 and 
from 245 to 223, respectively; thus, the annual survival rate of seedlings in C2 was 0.84 and 
in C6 0.91. For C2 individuals, the physical distance to the nearest conspecific adult ranged 
from 1.84 m to 12.58 m, with the modal distance being 8 m to 10 m (Fig. 4-2a), whereas for 
C6 individuals, this physical distance ranged from 0.28 m to 15.63 m, with the modal distance 
being 5 m to 6 m (Fig. 4-2b). The ranges of number of conspecific adults included within a 
20-m radius from focal seedlings were from 2 to 9 for C2 and 2 to 10 for C6. 
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 I did not find significant relationships between seedling survival and the genetic relatedness 
of seedlings to the neighboring adults, nor between seedling survival and physical distance to 
the nearest conspecific adult, because the 95% CI of β1 (which represents the regression 
coefficient of genetic relatedness) and β2 (which represents that of physical distance) included 
0 in both cohorts and in all models (Fig. 4-3, Table 4-3). However, the numerical values of β1 
for C2 and C6 tended to be negative and positive, respectively (Fig. 4-3a, b, Table 4-3), 
whereas the posterior distributions of β2 for both cohorts were more or less centered at 0 (Fig. 
4-3c, d, Table 4-3). 
 
4-4, Discussion 
Possible factors that could contribute to the reduction in genotypic similarity between 
adjacent trees are overlapping seed shadows created by adjoining adults (Asuka et al. 2005), 
secondary seed dispersal by animals (Schnabel et al. 1998), and subsequent thinning 
processes (Hamrick et al. 1993). In addition to these factors, I initially hypothesized that the 
reduction in genetic similarity during early thinning subsequent to germination might be 
accelerated by higher mortality of seedlings with high genetic relatedness to neighboring 
adults. The estimated correlation between seedling mortality and genetic relatedness to 
neighboring adults was indeed positive for C2 in the study site, consistent with my initial 
hypothesis, although it was not statistically significant. Unexpectedly, the results also showed 
a non-significant correlation of opposite sign between mortality and relatedness to 
neighboring adults for C6. Therefore, I further hypothesize that the potential sensitivity of 
seedling viability to genetic relatedness to neighboring adults could be dependent on seedling 
age. 
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 Although I failed to find a significant correlation between seedling survival and genetic 
relatedness, I hypothesize that young seedlings with a high degree of genetic relatedness to 
the neighboring adults are more vulnerable to genotype-specific natural enemies. Since 
damping-off caused by fungal pathogens is more likely to occur in current-year seedlings of F. 
crenata than in older seedlings (Sahashi et al. 1994), further experimental work that takes into 
account current-year seedlings is required. The higher survival rate of older seedlings with 
high genetic relatedness to neighboring adults may have been due to benefiting from factors 
related to kin recognition, such as increased mycorrhizal association between adjacent trees 
with similar genotypes (File et al. 2012) and weaker intraspecific competition (e.g., Yamawo 
2015). However, additional research by using larger sample size, more genetic markers, and 
replication is required to verify whether the non-significant trends found here reflect 
biological reality. 
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Table 4-1 Primer sequence and characteristics of the six microsatellite loci in Fagus crenata 
Locus 
Fluorescent 
label Primer sequence 
Repeat 
motif 
Number of 
observed alleles 
mfc5 FAM F: ACTGGGACAAAAAAACAAAA (AG)10 24 
    R: GAAGGACCAAGGCACATAAA     
sfc0018 FAM F: GAAGCAGAGCATTGTATTGG (AG)17 12 
    R: CATCTGTTTCAGTTCTGTAAAGG     
sfc0036 FAM F: CATGCTTGACTGACTGTAAGTTC (TC)23 17 
    R: TCCAGGCCTAAAAACATTTATAG     
sfc0305 HEX F: CCAATGGACTTGTTATACCAATC (GA)24 22 
    R: GCACCAGTTGCTTACAGAATAG     
sfc1063 PET F: TTTCCAACTACAACTTCATTG (CT)13 12 
    R: AGTGCTCGCATCGTATG     
sfc1143 HEX F: TGGCATCCTACTGTAATTTGAC (AG)21 18 
    R: ATTCCACCCACCATCTGTC     
 
 
 Table 4-2 Details of parameters and hyperparameters in our model 
Parameter and prior distribution Description 
beta0j ~ Normal(0, 1000) Intercept of the survival rate of seedlings in the cohort j 
beta1j ~ Normal(0, 1000) Parameter of the effect of relatedness on the seedling survival in the cohort j 
beta2j ~ Normal(0, 1000) Parameter of the effect of distance on the seedling survival in the cohort j 
ρk | ρm ~ Normal
akmρmm∈δk
ak+
,
σρ2
ak+
 
Spatial random effect in quadrat k 
Here, m represents all quadrats except for quadrat k. δk represents the neighboring 
quadrats (adjacent quadrats in this study) of quadrat k. ak+ denotes the total 
number of neighboring quadrats (8 at maximum in this study). akm becomes 1 if 
m∈δk, 0 otherwise. 
σρ ~ Uniform(0, 1000) Standard deviation of spatial random effect ρk 
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Table 4-3a Posterior distributions of parameters of intercept  
and regression coefficients in our model. The relatedness  
variables were calculated using the method described by  
Li et al. (1993) 
  2.50% 25.00% 50.00% 75.00% 97.50% 
Cohort 2year         
   beta0 0.20 1.39 2.06 2.72 4.07 
   beta1 −7.53 −4.30 −2.63 −1.00 2.31 
   beta2 −0.22 −0.08 −0.01 0.07 0.21 
Cohort 6year         
   beta0 0.98 1.75 2.16 2.59 3.56 
   beta1 −0.96 1.25 2.47 3.71 5.98 
   beta2 −0.15 −0.05 0.01 0.06 0.17 
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Table 4-3b The relatedness variables as calculated using the  
method described by Loiselle et al. (1995) 
  2.50% 25.00% 50.00% 75.00% 97.50% 
Cohort 2year         
   beta0 0.13 1.25 1.85 2.48 3.80 
   beta1 −15.35 −8.09 −4.38 −0.79 6.17 
   beta2 −0.20 −0.06 0.01 0.08 0.22 
Cohort 6year         
   beta0 1.12 1.81 2.20 2.62 3.50 
   beta1 −1.07 4.09 6.74 9.43 14.46 
   beta2 −0.15 −0.06 0.00 0.05 0.15 
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Table 4-3c The relatedness variables as calculated using the  
method described by Lynch and Ritland (1999) 
  2.50% 25.00% 50.00% 75.00% 97.50% 
Cohort 2year         
   beta0 0.13 1.28 1.89 2.56 3.89 
   beta1 −8.70 −4.66 −2.45 −0.30 3.80 
   beta2 0.21 −0.07 0.00 0.07 0.21 
Cohort 6year         
   beta0 1.01 1.77 2.20 2.62 3.56 
   beta1 −1.26 1.54 3.13 4.70 7.76 
   beta2 −0.15 −0.05 0.01 0.06 0.17 
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Table 4-3d The relatedness variables as calculated using the  
method described by Queller and Goodnight (1989) 
  2.50% 25.00% 50.00% 75.00% 97.50% 
Cohort 2year         
   beta0 0.19 1.36 1.98 2.65 3.92 
   beta1 −7.63 −4.16 −2.47 −0.76 2.52 
   beta2 −0.21 −0.08 0.00 0.07 0.21 
Cohort 6year         
   beta0 1.02 1.76 2.18 2.61 3.50 
   beta1 −0.79 1.62 2.85 4.12 6.72 
   beta2 −0.15 −0.05 0.01 0.06 0.16 
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Fig. 4-1 The correlation between distance to the nearest conspecific adult and genetic  
relatedness to the neighboring adults. Li, Lo, Ly, and Qu represents the model with  
genetic relatedness calculated by the method of Li et al. (1993), Loiselle et al. (1995),  
Lynch and Ritland (1999), and Queller and Goodnight (1989), respectively. Asterisks  
denote significant correlations (Pearson’s correlation coefficient): *P < 0.05; 
 **P < 0.01; ***P < 0.001. 
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Fig. 4-2 Histograms of physical distances between  
seedlings and the nearest conspecific adult for C2 and C6 
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Fig. 4-3 Posterior distributions of beta1 and beta2 for C2 and C6. Each line represents the 
model with genetic relatedness calculated by the method of Li et al. (1993), Loiselle et al. 
(1995), Lynch and Ritland (1999), and Queller and Goodnight (1989) from top to bottom in 
the legend 
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Chapter 5 
General Discussion 
 
5-1, Does dwarf bamboo act as an environmental filter for F. crenata at seedling stage? 
Previous studies suggested that dwarf bamboo strongly inhibited the seedling survival of F. 
crenata (Nakashizuka 1988; Hashizume 1994; Ida and Nakagoshi 1996; Abe et al. 2001, 2002, 
2005; Itô and Hino 2005, 2007, 2008). In accordance with these studies, F. crenata saplings 
were likely to be distributed in the area without the dominance of dwarf bamboo, compared to 
with dwarf bamboo (Chapter 2). However, these cited studies did not focus on the spatial 
heterogeneity of dwarf bamboo culms or cover. I demonstrated that dwarf bamboo was 
distributed heterogeneously at fine spatial scale on the forest floor (Chapter 2), and that the 
spatial distribution of dwarf bamboo cover did not control that of F. crenata saplings (Chapter 
2). More Specifically, the survival rates of the seedlings were higher as the culm density of 
dwarf bamboo increased (Chapter 3), and the spatial distribution of saplings showed a weak 
positive association with dwarf bamboo cover (Chapter 2). 
 Based on my results regarding the relationships between microtopography, the spatial 
distribution of dwarf bamboo, and the survival of F. crenata seedlings, I can provide the 
additional insights into the higher survival rate of the seedlings under dwarf bamboo cover. 
That is, dwarf bamboo was less likely to be distributed at a gully site because of high 
frequency and severity of soil disturbance (Chapter 2). In such a microsite, many of the 
germinated seedlings would be damaged and die due to soil-surface disturbance (Chapter 3), 
resulting in the higher mortality in microsites with no or a few culms of dwarf bamboo. 
Furthermore, the spatial heterogeneity of dwarf bamboo culms may improve the light 
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conditions under dwarf bamboo cover because more sunlight could be plugged into microsites 
under dwarf bamboo cover as there are more microsites without dwarf bamboo around. Thus, 
I suggest that the microsites with dominance of dwarf bamboo can reflect suitable habitats at 
the seedling stage in some beech forests where dwarf bamboo is heterogeneously distributed. 
Hence, I conclude that dwarf bamboo partially acts as an environmental filter for F. crenata at 
seedling stage. 
 Yamamoto and Nishimura (1995) predicted that the regeneration of F. crenata might not 
occur without the simultaneous death of dwarf bamboo in Wakasugi Forest Reserve. I partly 
support this prediction because the synchronized death of dwarf bamboo may increase the 
seedling abundance (or emergence). Based on my result on the seedling survival (Chapter 3), 
however, I suggest that the regeneration of F. crenata would occur at a slow rate in Wakasugi, 
without the event. This can be supported by the result of dendrochronological study in my 
plot (Uyanga et al. 2016), which demonstrated that the recruitment of F. crenata canopy trees 
occurred intermittently. In other words, in beech forests with dwarf bamboo, the recruitment 
rate and pattern of F. crenata may be partly determined by the overall density, heterogeneity, 
and species traits such as culm height of dwarf bamboo. 
 
5-2, Role of seed dispersal distance in the seedling dynamics of F. crenata 
The location of the seed sources was one of the determinant factors for the survival of F. 
crenata seedlings (Chapter 3). As Janzen (1970) and Connell (1971) predicted, more F. 
crenata seedlings could survive away from the seed sources (Chapter 3). Moreover, I 
demonstrated that high genetic relatedness to the neighboring seed sources could decrease the 
survival rate of young seedlings, whereas that could increase that of older seedlings (Chapter 
 87 
4). Although I do not show the evidence concerning the underlying mechanism, I predict that 
this phenomenon would be caused by the change of balance with the increase of age between 
the negative effect caused by adaptation of natural enemies to the nearest seed source tree and 
positive effect of mycorrhizal network linking the seedlings and mother tree. In young 
seedling stage, the tolerance of seedlings to attack by natural enemies would be low and the 
mycorrhizal network to the mother tree would not be developed, resulting in a stronger 
negative effect. In contrast, in older seedling stage, the tolerance would be relatively high and 
they could benefit from the mother tree possibly through the mycorrhizal network, 
preferentially developed by kin recognition, resulting in a stronger positive effect. Here, the 
benefit implies that mycorrhizal fungi on the seedlings receives photosynthetic products from 
the mother tree and that the seedlings can receive nutrients from the colonized mycorrhizal 
fungi without much cost, according to the result shown in Wu et al. (2012). Indeed, many root 
tips of a F. crenata seedling were colonized by mycorrhiza fungi in Wakasugi (Akaji 
unpublished data). The hyphae from these mycorrhizal fungi on the seedlings may tightly 
connect with that from the mother trees. 
 Therefore, seed-dispersal distance from the mother tree is a key factor for the survival and 
growth patterns of the seedlings. While F. crenata disperses their seeds near themselves by 
gravity (Hashizume et al. 1984), some rodents have the potential to convey their seeds far 
away (Ida and Nakagoshi 1994; Tomita et al. 2002). In fact, I observed some clumped 
seedlings of F. crenata possibly germinated from the cache in my plot (Akaji personal 
observation), which is a sign it was stored by rodents. In addition, Maeda (1988) suggested 
that some of the seeds are dispersed 25-m away from the mother tree because the seed is 
relatively small and light compared to the other nuts such as seeds of Quercus spp. Thus, I 
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suggest that most seedlings of F. crenata located close to the mother tree would be exposed to 
attack by species- and/or genetic-specific natural enemies, but some of the survived seedlings 
could acquire large benefit from a developed mycorrhizal network (that is, the growth pattern 
is high risk - high return), whereas the growth pattern of some seedlings away from the 
mother tree is low risk - low return. 
 
5-3, Conclusion 
In this thesis, I demonstrated that fine-scale heterogeneous distribution of dwarf bamboo did 
not mainly control the survival of F. crenata seedlings (1-year older), while topography 
(abiotic factor), and the spatial distributions of the seed sources and mother trees (biotic 
factors) were relatively important factors for their survival. That is, topography and the spatial 
distributions of seed sources and mother trees can act as main environmental filters for F. 
crenata seedlings. More Specifically, F. crenata seedlings are likely to survive at microsites 
with dwarf bamboo where soil-surface disturbance is rare and not severe, and microsites away 
from the seed sources and mother tree. Furthermore, I demonstrated that the microsites near 
the mother tree could change from unsuitable to suitable conditions with the increase of age, 
and suggested that the suitable microhabitats for F. crenata could change according to 
developmental stages. Therefore, it is desirable to conduct similar researches for various 
developmental stages for comprehensive understandings of the population dynamics.  
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